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ABSTRACT
Microbial mats have played an important role in the carbon (C) and nutrient cycles since the Archean Eon
and modern mats are important contributors to the biogeochemistry of intertidal wetlands. Microbial mats
are flat assemblages of microbes that are currently found in many unvegetated habitats globally. Intertidal
salt pans are a common habitat for microbial mats, however little is known about the distribution of
microbial mats within the intertidal landscape. Understanding the spatial distribution of microbial mats is
critical to developing quantitative estimates of the impacts of microbial mats on their ecosystems. We
photographically measured the presence and density of microbial mats within 1 m2 quadrats across a
landscape scale (~1000 Ha) on the Gulf Coast of Florida. The wide variety of metabolic processes that are
found within microbial mats makes the net biogeochemical impacts of the microbial mats highly variable
as well. To explore the biogeochemistry associated with microbial mats, we measured a suite of soil
attributes under microbial mats and compared those measurements to nearby soils without microbial mats.
We found that microbial mats are found on soils with biogeochemical attributes that are significantly
different than soils without microbial mats. Soil organic matter, nitrate concentration, and soil
temperature significantly increased in soils under microbial mats; pH was significantly lower in soils
under microbial mats. Also notable was although the concentration of soil organic matter was higher, the
bioavailability of that organic matter was significantly lower. Microbial mat presence is correlated with
geomorphic variables such as proximal boundaries, as well as neighboring vegetation and other microbial
mats.
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CHAPTER ONE:
INTRODUCTION
Microbial mats are cohesive,
consortia of

stratified

biogenic

structures

composed

of

a

diverse

microorganisms and their extracellular products [1, 2]. The constituents of a

microbial mat are taxonomically diverse [3-5] and exhibit a diversity of metabolic pathways [6, 7].
Some microbial mats develop thrombolites which are a thick mass of extracellular lattice below
the metabolically active layers of microbial mat. In the conditions where microbial mats
promoted

calcium

carbonate (CaCO3) precipitation within the thrombolites, the resulting

biogenic rocks are called stromatolites and are among the most recalcitrant biogenic structures
on

Earth

[8-10].

Microbial mats are among the most ancient lifeforms on Earth and have

contributed stromatolites to the fossil record for more than 3 billion years [10-14]. Archean
microbial mats dramatically influenced Earth's early biogeochemistry, playing an important role in
the evolution of a temperate, aerobic biosphere [13, 15-17], and modern microbial mats continue to
impact the biogeochemistry of their environments [18].
Microbial mats are globally cosmopolitan, found in all latitudes, on every continent and in a variety of
biomes [18-25], but at a local scale, environmental controls are thought to play a bigger role
than dispersal in the distribution patterns of microbes [26, 27]. Microbial mats are highly diverse in
their community composition and their distribution may be driven by multiple environmental controls
[4, 32- 34]. The presence of microbial mats is correlated with temperature, hydrologic disturbance and
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photosynthetically activating radiation (PAR) [1, 29-31], as well as with pH, redox potential and salinity
[1].
Microbial mats can be found growing across unvegetated salt pans interspersed in intertidal zones (hereafter
'salt pans') [21, 28]. Salt pans are spatially heterogeneous, are variably covered by microbial mats [35-37],
and have several properties that are relevant to the distribution of mats such as variable salinity and anoxia
[38]. The vegetative boundaries of salt pans are potentially correlated to the distribution of microbial mats
for two reasons. First, the distribution of vegetative boundaries may covary with the distribution of
microbial mats if they are both driven by the same abiotic gradient. For example, hypersaline conditions
can limit vascular plant growth and promote conditions tolerable to microbial mats [39]. Second, the
vegetative boundary itself can drive the distribution patterns of microbial mats through several mechanisms
including limiting available PAR (shading) or by providing habitat for macrofauna (e.g. Uca pugilator) that
can control microbial mat distribution through disturbance and feeding. For these reasons, we tested if the
distance to the nearest vegetative boundary was correlated with microbial mat distribution. Different plant
species may facilitate these microbial mat limiting conditions to differing degrees, leading to the prediction
that the species composition of a proximal vegetative boundary may also correlate with microbial mat
distribution. The geometric attributes of salt pan boundaries, such as the density of boundaries per unit area,
can impact how much of the area of a salt pan is within a boundary effect range. Because of this, we
considered the geometry of salt pans as a potential predictor of the presence of microbial mats as well.
Microbial mats often contain both sulfate reducing bacteria and oxygenic photoautotrophs creating an
oxygen chemocline within the mat [7, 40-42]. The oxygen conditions of the tidal water or atmosphere over
microbial mats likely impact mat productivity and function; therefore, we expect that microbial mats will
thrive only within a certain zone within the tidal frame. The tidal creeks that ramify and enmesh Florida's
intertidal wetlands are often the most proximal source of tidal water for a salt pan. The distance to the coast,
and the distance to the nearest tidal creek may be considered reasonable proxies for tidal water residence
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time. We hypothesize a correlation between the presence of microbial mats and their distance to the coast
or nearest tidal creek concurrent with the spatial pattern of habitable conditions created by the tidal regime.
Intertidal wetlands are the interface between marine and terrestrial habitats and can be hotspots of
biogeochemical activity [43-45]. Whereas in marshes and mangroves, vegetation is the primary driver of C
cycling, the preponderance of biogeochemical activity within salt pans comes from microbial mats [46].
The biogeochemical impacts of individual microbial mats can vary in degree and character due to a diversity
of metabolic pathways and functions [4, 6, 50-54]. The presence of microbial mats in salt pans represents
a shift from soil heterotrophy to the production of numerous forms of soil C [6, 18, 47, 48]. Additionally,
the exchange of C between the underlying soil and the atmosphere or tidal water can be inhibited by
microbial mats [49].
The nitrogen (N) dynamics of intertidal wetlands is an important linkage between terrestrial and marine
ecosystems [58]. Microbial mats have the capacity for N uptake, N mineralization and also N fixation [1,
59-61]. This variability means that microbial mats can potentially make unvegetated salt pans N sources or
N sinks. The multiple fates of N from microbial mats compounds the difficulty in estimating the
contribution of unvegetated salt pans to the N cycle of the overall intertidal landscape. Nutrient amendment,
either anthropogenic or natural, can also be rapidly leached from soils by tidal and pore water advection if
not taken up by plants or microbes [62-65], so unvegetated salt pans may act as an unrestrictive conduit for
nutrients to the adjacent coastal waters.
By presenting mat-covered and unmatted (bare) patches that both otherwise lack plant life, salt pans provide
an exemplary opportunity to examine how microbial mats may mediate their environment. Ecological
theory emphasizes that these functions emerge from landscape composition. While the biogeochemistry of
vegetated patches of the intertidal landscape have been well described [55-57], the biogeochemistry of salt
pans has received much less attention.
The impacts of microbial mats on unvegetated coastal salt pans may extend beyond the cycling dynamics
of C and N. The flat morphology of microbial mats positions them to be effective modulators of the interface
3

between the soil and the atmosphere, or between the soil and tidal waters [49, 66]. This ‘mat-seal’ effect
may alter the rate at which C, water and nutrients are fluxed from underlying soils to the oceans
oratmosphere [18, 49]. The physical effects that microbial mats will impose on the unvegetated salt pans
may also include temperature modulation through decreased albedo [67].
Describing the distribution of microbial mats may improve understanding of edaphic and biogeochemical
patterns across the intertidal landscape [25]. In intertidal salt pans, microbial mats are the primary
biogeochemical drivers, and they afford a rare opportunity to study a direct link between microbial process
and landscape biogeochemistry [68, 69]. The purpose of our study was to characterize how microbial mats
affect the C and N cycling in soils of intertidal wetlands, specifically the balance of organic and inorganic
C, the mineral N forms, soil pH, and soil temperature and soil moisture. We hypothesized that microbial
mats will 1) alter the pH of underlying soils because of the internal sulfate cycling of the mats [70], 2)
increase the temperature of the soil through decreased albedo, and 3) decrease the soil organic matter (SOM)
through heterotrophy and physically blocking tidal deposition. Also, our specific objectives included testing
whether the presence and density of microbial mats correlates with proximity to water (either to the coast
or the nearest tidal creek), with proximity to the edge of the salt pan and with the identity of vegetation
growing there, and with geometric attributes of salt pans (their size and edge density, or sinuosity). We also
evaluated spatial autocorrelation in microbial mat distribution to better understand the scale at which
microbial mats influence their environment. Microbial mats are the essential biogeochemical constituent of
salt pans and an important element of the intertidal landscape as a whole. Describing the patterns of
distribution and quantifying the impacts of microbial mats are important to further resolve our
understanding of the biogeochemistry of intertidal salt pans.
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CHAPTER TWO:
METHODS

Site Description
Our sampling sites consisted of four geographically distinct intertidal wetlands located on the coast
of the Gulf of Mexico along the west central coast of Florida (28° N, 82°W). The central Gulf
coast of Florida only has a mean tidal range of 0.58 m [71], but combined with only very gradual
changes in elevation, the intertidal zone can be a kilometer wide or more. Within that intertidal zone,
Florida has several types of wetland, including mangrove forests, marshes dominated by Juncus
roemerianus and unvegetated salt pans. The unvegetated salt pans are patches of up to 3.7 hectares
that are a habitat for microbial mats. Climate in this region is humid subtropical with monthly mean
temperatures ranging from 15.8°C in January to 28.4°C in August. Mean annual rainfall is 117 cm with
a rainy season from June to September.
Microbial

mats

were

identified

and

sampled

in

March

2015

from

four

geographically

distinct unvegetated coastal salt pans (sites) in western central peninsular Florida. Among our sites
was Eagle's Point Park (EPP) which is approximately 40 hectares with 4.5 hectares of salt pan,
Sayers Basin (SB) which is approximately 48 hectares with 6.2 hectares of salt pan, and Miller's
Bayou (MB) which is approximately 180 hectares with 3.4 hectares of salt pan. The largest of our sites
was were Werner Boyce Salt Springs State Park (WBP) which consisted of approximately 1370
hectares of undeveloped land, of which approximately 1050 ha are wetlands including salt marsh
and mangrove habitats. The WBP
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wetlands are ramified by 10-15 tidal creeks that vary between 0.5 and 2 kilometers in length. Within the
coastal wetlands of WBP, 44 ha are unvegetatedsalt pan. Salt pans were defined as contiguous and discrete
areas > 1 ha and lacking vascular vegetation. By these criteria, we identified 12 unique salt pans within
WPB.

Figure 1: Unvegetated salt pans with abundant microbial mats. Photograph taken from 25m above ground
level. This salt pan is 280m in length.

Distribution
Remote full-color, aerial imagery [72] of WBP was imported into GIS [73]. The boundaries of the salt pans,
tidal creeks and coastline were manually digitized. We used QGIS to generate 221 random points that were
constrained within the salt pans and manually took a digital photograph of a 1 m2 quadrat at each point. We
used GIS to determine the distances between the quadrats and the coast, tidal creeks, and vegetative
6

boundaries. Image processing was conducted with the Gnu Image Manipulation Program [74]. Each
photograph was cropped and skewed to standardize the area of the quadrat to one square meter based on a
calibrated physical grid included in each image. Elements in the image that were not microbial mat (stones,
leaves, etc) were manually removed. The images were then decomposed to color channels and
posterizedto two tones (black and white) with manual thresholding for optimal contrast between the
microbial mats and the sand. The ratio of black (mat present) to white (mat absent) pixels on the resulting
image was used to calculate the microbial mat density (m2 of microbial mat per m2 of salt pan). Due to the
very high contrast between the dark microbial mats and light colored sand, the distribution of pixel colors
was highly bimodal, which in turn made the density estimate very insensitive to the threshold location.
Presence/absence data were derived from the same dataset, where the ‘mats absent’ condition was any
quadrat where the mat density was equal to zero and the ‘mats present’ condition was any quadrat with a
mat density value above zero. Our photographic quadrat dataset was unable to infer any information about
mat qualities (e.g. viability, photosynthetic rates, etc.) so our biogeochemical results were unable to be
causally related to mat function.

Biogeochemistry
To measure the biogeochemical differences between soils with mats and unmatted soils, sampled from
all four sites. We used a paired plot design with 5-7 pairs of plots within each of the four sites, for a total
of 24 pairs. Our data suggest that microbial mats presence in these salt pans is significantly
spatially autocorrelated within distances of 20 meters, so plot pairs were thus separated by at least
30 meters to preclude pseudoreplication. Each pair of plots consisted of one plot of matted soil and
one plot of soil without microbial mats (unmatted soil) within 5 meters of each other.
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Figure 2: Example of a posterized photographic quadrat. The image of this quadrat has been cropped to
display exactly 1 m2 of salt pan, decomposed into color channels and then posterized into only black
and white colors. Black represents areas where there is microbial mats present and white represents
areas without mats.

Figure 3: Microbial mats in situ in an intertidal salt pan on the Gulf Coast of Florida.
8

Each plot was sampled by removing 200 cm2 of microbial mat and 200 cm2 of surficial soil to a depth of
1 cm. The depth of sampled soil was held constant with a custom sampling apparatus. Where applicable,
the microbial mat was recovered and manually separated from the sampled soil. Soil moisture content was
determined by mass loss on drying at 60° C. Soil organic matter (SOM) and soil inorganic carbon (SIC)
were determined through sequential loss on ignition (LOI) at 550° C for 5 hours and 950° C for 5 hours
respectively [75, 76]. Dry biomass of the microbial mats was also obtained through LOI at 550° C for 5
hours after mass loss on drying at 60° C. Soil salinity and pH were measured with an Orion Star A215
multichannel meter by creating a slurry of 30 g of soil in 60 ml of DI water [77]. Total extractable C and
total extractable N were measured on a Skalar Formacs HT/TN. Soil ammonium and nitrate concentrations
were determined by an extraction with 0.5M K2SO4 in a ratio of 10 g dry soil to 50 ml of extractant followed
by colorimetry using a 96 well EPOCH microplate spectrophotometer.

Figure 4: Excised microbial mat sample. This mat is approximately 4mm thick.
Ammonium colorimetry was conducted with the Berthelot reaction according to the procedure of HoodNowotny, Umana [78] and nitrate colorimetry was conducted according to the procedure of Doane and
Horwath [79].
9

We conducted a 5 day incubation of soils (microbial mats removed) to estimate potential C and net N
mineralization. All incubations were conducted at water holding capacity in airtight containers at 30° C.
Potential C mineralization was estimated by measuring the accumulated carbon dioxide (CO2) in the
headspace of the containers after incubation with a PP Systems EGM-4 Environmental Gas Monitor for
CO2. Potential net N mineralization was obtained by conducting an extraction with 0.5M K2SO4 of post
incubation soil samples and colorimetrically measured according to the same procedure as extractable
mineral N [78, 79]. We calculated potential mineral N mineralization as the difference of the pre-incubation
and post-incubation extractable mineral N values.

Data analysis
We conducted all statistical analysis in R [80]. We used paired T-tests to determine the biogeochemical
differences between matted and unmatted plots. Microbial mat distributional data analyses were designed
to test hypotheses at two scales, namely, that local mat density (within n = 86-221 quadrats depending on
analysis) was a function of geographical properties of quadrats (e.g. their distance from various landscape
features in the intertidal wetland), and that mat coverage in entire salt pans (n = 12 salt pans) was a function
of morphometric features (e.g., size, shape) of the salt pans themselves. Using logistic regression, microbial
mat presence/absence was analyzed as a function of distance from quadrat to the coast, to the nearest tidal
creek, and to the nearest salt pan boundary. Having presence and absence data for randomly generated
quadrats within the known local range of microbial mats precludes sample selection bias towards easily
accessible areas [81]. Pseudo-r2 values for assessing the amount of variance in microbial mat
presence/absence explained by the geographic predictor variables were computed according to McFadden
[82]. We used Fisher's exact test to determine whether microbial mat presence/absence corresponded with
the taxonomic identity of the vegetation on the nearest segment of salt pan boundary.
The percentage of microbial mat density within quadrat was analyzed with linear regressions against the
geographic variables of distance from quadrat to the coast, to the nearest tidal creek, and to the nearest salt
10

pan boundary. These analyses of microbial mat percent density were conducted both with (N = 221) and
without (N = 86) inclusion of quadrats with mats absent. After that initial exploration of the salt pan
boundary data, it appeared that our quadrats were falling into two categories, those near a boundary with
low likelihood of mat presence, and those far from a boundary with high likelihood of mat presence. We
used a classification and regression tree (CART) algorithm to calculate the distance from a boundary where
the variability within each group was minimized. The resulting distance was our estimate of the size of the
boundary effect.
For our pan level analyses, we used one-way analysis of variance (ANOVA) to test if the salt pans varied
in the measured mat density of microbial mats. Our ANOVA model tested for differences in the population
of quadrats within salt pans, with salt pans held as a fixed effect. The distribution of mat density values of
every quadrat within a pan was compared against the distribution of mat densities across the entire site to
see how variable mat density was between and among pans. The distribution of mat density values of every
quadrat within a pan was compared against the distribution of mat densities across the entire site to see if
individual salt pans differed from the site. The distribution of mat density values of every quadrat within a
pan was compared against the distribution of mat densities across the entire site to see how variable mat
density was between and among pans. The distribution of mat density values of every quadrat within a
pan was compared against the distribution of mat densities across the entire site to see if individual salt
pans differed from the site. We then used linear regression to identify whether mat coverage within a salt
pan (n = 12 pans) was a function of the pan morphological characteristics of edge development (𝐷𝐷𝐿𝐿 =
𝐿𝐿

, where L is pan perimeter and A is pan area) and total pan area. Edge development is a

�2√𝜋𝜋𝜋𝜋�

measurement of boundary density and a mathematically useful corollary to the distance of any random
point within a pan to its nearest boundary. Pans with a high development index or low area will have
higher boundary density and fewer areas that are far from the pan boundary. Conversely, pans with a low
development index or a large area will have relatively lower boundary density and a larger amount of area
that is far from a boundary. The purpose of our regressions of percent microbial mat coverage against pan
11

morphometric characteristics was to test boundary influences on the distribution of microbial mats at the
scale of entire salt pans.
Analysis of spatial autocorrelation of the density of microbial mats was conducted with Moran's I, an
empirical semivariogram and a composite correlogram. The composite correlogram was made by creating
a matrix of all pairs of quadrats and calculating the distance between each pair. Then a Moran's I test was
performed for all pairs at every 1m interval of distance; the significantly autocorrelated distances were
recorded. This approach eliminates bias from cyclicity that could be introduced or muted through a single
bin size. The purpose of this approach was to estimate the likely maximum range of spatial autocorrelation
as a validation of the range estimate of the semivariogram. The lag in our spatial autocorrelation analysis
was truncated to the maximum distance between two quadrats within a single salt pan, as we did not have
any justification for assuming spatial autocorrelation of microbial mats above the scale of salt pans.
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CHAPTER THREE:
RESULTS

Presence/Absence
There was high variability among the 12 pans in microbial mat presence/absence, with two pans (5 and
20 quadrats) having no quadrats with microbial mats present and one pan with 16 of 18 quadrats with
microbial mat present. Neither of the geometric salt pan attributes of edge development (p = 0.781) nor
salt pan area (p = 0.959) were significant predictors of microbial mat presence. Quadrats with
microbial mats present tended to be further from all three types of boundaries than quadrats without
microbial mats. Microbial mats were found significantly more often in quadrats that were farther away
from the vegetative boundaries of salt pans (p < 0.001, n = 221, figure 5) and in quadrats that were farther
away from the nearest tidal creek (p < 0.001, n = 221, figure 5) although those correlations explained a
low amount of variation in mat presence (logistic

regression

pseudo-r2 =

0.053,

and

0.057

respectively). Microbial mats were also found more often in quadrats farther from the coast, but the
relationship was significant (p = 0.033, figure 5).
The most proximal landscape boundary type to any quadrat was always the vegetative boundary of the
salt pan itself, and the types of vegetation that composed that boundary were nearly a complete inventory of
the entire intertidal wetland (personal observation). The vegetation type composing the nearest salt
pan boundary was significantly correlated with microbial mat presence/absence (Fisher's exact test, p <

13

0.001, n = 378, Table 1). Notably, quadrats near mixed upland vegetation had a significantly lower
proportion of microbial mats present as compared to the overall average (p < 0.001). Presence of R. mangle
also correlated with reduced presence of microbial mats as compared to other vegetation types.Avicennia
germinans is a relatively tall, woody species that is not correlated with reduced microbial mat presence,
which indicates that shading might not always be a predominant factor in mat suppression.

Figure 5: Microbial mats were found more often in quadrats that were farther away from every
landscape boundary type.
Our CART analysis identified a distance of 21.5 m from the boundary of the salt pan as a contour
separating zones of high and low microbial mat presence. Within 21.5 m of a salt pan boundary, 54%
of quadrats had microbial mats (n = 174) whereas beyond 21.5 m (i.e., deeper into the salt pan away
from the pan-vegetation boundary), 87% of quadrats had microbial mats (n = 47).
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Table 1: Table of the presence/absence of microbial mats by the vegetation types of the nearest salt
pan boundary. In the instances where the nearest boundary was composed of multiple species of
vegetation, then those quadrats are given a table entry for each vegetation type. This means that a
count of quadrats (n= 221) does not equal the number of instances of nearest vegetation (n = 378).
Vegetation type

Count of closest
quadrats with
microbial mat
present

Count of closest
quadrat with
microbial mat
absent

Juncus roemerianus

76

35

Borrichia frutescens

28

27

Avicennia germinans

73

30

7

15

40

22

Distichlis spicata

3

2

Mixed upland vegetation

2

18

229

149

Rhizophora mangle
Monanthochloe littoralis

Total

Density
Salt pans ranged in overall microbial mat coverage from 0% to 37.8% coverage (with coverage in a
given salt pan computed as the mean of the microbial mat density across all quadrats in the pan). This
variation in mat coverage was not explained by salt pan morphological properties, as microbial mat
coverage showed no correlation with either salt pan area (p = 0.57, n = 12, Table 2) or edge
development (p = 0.97, n = 12, Table 2).
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Across the 221 individual quadrats, microbial mat density ranged from 0% to 80.6%. This variation in
quadrat-scale microbial mat density was weakly explained or unrelated to the quadrat's position
relative to other features of the intertidal landscape. Mat density in quadrats was positively correlated
with quadrat distance from a tidal creek (p < 0.001, n = 221, figure 6) but this correlation erodes and
explained little variation in mat density when the analysis is restricted only to quadrats that have
microbial mats present (p= 0.029, R2 = 0.035, n = 135, Figure 6). Likewise, microbial mat density was
positively correlated with distance from coast (p = 0.022, n = 221, Figure 7), but that relationship also
dissolved when only quadrats with microbial mats were considered (p = 0.13, n = 135, Figure 7). The
near total lack of microbial mats in quadrats that were nearer than 800 m from the coast suggests that
the habitable range of microbial mats is less than the range of the unvegetated salt pans (all quadrats
were within salt pans). We observed no correlation between microbial mat density and distance from a
quadrat to the nearest salt pan boundary.

Figure 6: The distance to the nearest tidal creek was correlated more strongly with the
presence/absence (p < 0.001) of microbial mats than it was with the density of mats within a quadrat
(p = 0.029). Among quadrats with microbial mats present, there was little relationship between
density and distance to the nearest tidal creek.

16

Figure 7: The distance to the coast is significantly correlated with microbial mat density (p = 0.022, n
= 221), unless quadrats absent microbial mats are omitted (p = 0.13, n = 135).
Autocorrelation
We conducted several analyses to determine the strength and scale of autocorrelation of microbial mats. A
Moran’s I test indicated moderately significant (p = 0.036, n = 221) likelihood of spatial autocorrelation of
microbial mat presence so we followed up with additional analysis. The presence of a microbial mat in a
quadrat was a weak but significant predictor of the presence of mats within nearby quadrats. An exponential
model fit to an empirical semivariogram of the spatial autocorrelation of mat density between quadrats had
an asymptotic range of 40.7 meters (Figure 8).
A composite plot of the significant auto-correlation distances supported the estimate of the range of
spatial autocorrelation from the semivariogram. The majority of significant correlations between mat
density and distance occurring between quadrats that were within 25 meters and the correlation
coefficients diminished precipitously with increasing distance (Figure 9).
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Figure 8: Semivariogram of the distance between quadrats. Asymptotic range of 40.7 m
indicates the greatest extent of spatial autocorrelation between quadrats.

Figure 9: A graph of spatial autocorrelation between quadrats. All of the significant correlations
between distance between quadrats and density of microbial mats at iteratively increasing bin sizes.
The majority of correlations between quadrats occurs at distances around 25 m or less.
18

Biogeochemical Results
Microbial mats altered the quantity and bioavailability of soil C (Figure 10). SOM was significantly
higher in soils under microbial mats (p = 0.024, figure 10.a), however, the percentage of that organic
matter that was mineralized during the laboratory incubation was significantly lower (p < 0.001, figure
10.c). There was no difference in SIC between soils with microbial mat cover and soils without microbial
mats (figure 10.b). The extractable organic C was significantly lower in soils with microbial mat cover
(figure 10.d).

Figure 10: Carbon chemistry of matted and unmatted intertidal soils.
The amount and type of N varied between soils with microbial mat cover and soils without microbial
mats (figure 11). The ammonium concentration was higher in unmatted soils as compared to matted
soils (figure 11.a). The amount of N that was mineralizable to ammonium was also higher in unmatted
soils as compared to matted soils (figure 11.b). The concentration of nitrate was below detectable limits
in most of the samples collected from unmatted soils, which is a significant difference from the nitrate
concentrations of matted soils (figure 11.c). The amount of N that was mineralized to nitrate was
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negative in matted soils, that is to say, there was a negative net potential nitrification rate. The
potential nitrification rate in unmatted soils was near zero (figure 11.d). The amount of N that was
K2SO4 extractable was significantly higher in unmatted soils as compared to soils covered by
microbial mats (figure 11.e).

Figure 11: Nitrogen chemistry of matted and unmatted intertidal soils
Microbial mats were significantly correlated with several physiochemical edaphic variables (figure
12). Soil temperature was significantly higher under matted soils (figure 12.a). Soil salinity was highly
variable across plots, ranging from 9.7 PSU to 70.3 PSU. The mean soil salinity under microbial mats
was marginally significantly different from soils without mats (figure 12.b). Soil pH was marginally
significantly lower under microbial mats as compared to soils without microbial mats although pH
was relatively high in both groups (figure 12.c). There is no evidence that soil moisture differed
between matted and unmatted soils (figure 12.d).
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Figure 12: Physiochemistry of matted and unmatted intertidal soils.
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CHAPTER FOUR:
DISCUSSION
Microbial Mat Distribution
Our results are that microbial mats are heterogeneously distributed within their landscape, and the
presence of microbial mats is correlated with landscape features, including the distance to the coast, tidal
creek and nearest vegetation. While the geographic variables all predicted the presence/absence of
microbial mats, they were poorer at predicting the density of mats when present. The fact that some
environmental variables, such as the distance to the nearest vegetated salt pan boundary, were a good
predictor of mat occurrence but not a predictor of mat density, comes as a surprise. In other words, if
the presence of a vegetated boundary induces or is concurrent with an environmental change on the salt
pans that limits microbial mat growth, such as shading or anoxia, then we would expect mat density to be
correlated with likelihood of presence [83]. Also of interest was that microbial mat presence was
correlated with landscape features of varying scales, from ~20m to ~1km (pan boundary and coast), and
correlated with landscape features that are geographically orthogonal to each other (tidal creeks and
coast). This suggests that the distribution of microbial mats within a landscape is the result of a complex
interplay of many factors. Equally notable is the conspicuous lack of microbial mat presence within 800
m of the coast, even though salt pans extend to within 600 m of the coast. The fact that the band of
unvegetated salt pans is larger than the zone of habitability for microbial mats is noteworthy because it
is reasonable to hypothesize that microbial mats could occur anywhere within the tidal frame but are
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limited to salt pans because vegetation excludes them from other patch types. While we had not
formulated that hypothesis a priori, this result is none the less valuable in developing our understanding
of the distribution of microbial mats.
The results of our analysis of the relationship between microbial mats and the distance to salt pan
boundaries indicate that there is a ‘buffer’ zone of approximately 20 meters from a salt pan boundary
where microbial mats are less likely to be found. Schmidt, Jochheim [84] found that most environmental
factors influenced forest adjacent transition zones within a similar scale to the 20 m boundary effect that
we describe. However, there does not seem to be a gradient of increasing mat density away from the salt
pan boundary. This boundary inhibition effect could be caused by one or more drivers. The range of
spatial autocorrelation of microbial mats being approximately similar to the 20 m range of the boundary
buffer effect is, in our estimation, just coincidental. We do not propose that the range of spatial
autocorrelation is correlated with the 20 m boundary buffer with reduced incidence of microbial mat
presence.
Potential drivers of the boundary inhibition effect include pedological gradients generated by the
vegetation, microclimate, shading, or dispersal limiting fluvial dynamics [84-86]. Shading from adjacent
vegetated habitats could account for some of the edge effect of inhibiting microbial mat presence [84],
especially when the adjoining vegetation type is 'mixed upland species' which includes some relatively
tall members of the Aracaceae and Pinaceae families. Another potential driver of this boundary buffer
zoneis the direct disruption from deposit feeding macrofauna such as the locally abundant crustacean Uca
pugilator. The feeding action of these crustaceans is a well described mechanism of soil bioturbation [87,
88] and could prevent the formation of cohesive microbial mats. It is also a possibility that foraging
macrofauna from adjacent vegetated habitats has a large enough trophic effect to reduce the populations of
soil microbes to below mat forming thresholds [89]. The 20 m 'boundary effect' size is within a plausible
daily movement range for Uca pugilator [90], but specific measurements would need to be made to
determine if the feeding behavior was responsible for the absence of microbial mats.
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Our study site for mat distribution was ramified with over a dozen tidal creeks. Tidal creeks are important
geomorphological elements that are fundamentally linked to the landscape structure of intertidal marshes
[91, 92]. The distance to the nearest tidal creek is a proxy for position within the tidal sequence or water
residence time. Tidal creeks within salt marshes can increase landscape heterogeneity which aligns more
patch type boundaries (including salt pan boundaries) parallel to and in close proximity to tidal creeks
[91, 93]. We have found that the distance to the nearest tidal creek correlates with microbial mat presence
but we have also found that it correlates well with the distance to a salt pan boundary and the type of
vegetation that composes that boundary (unpublished data). We therefore find it quite plausible that some
of the variation of microbial mat presence that is explained by the distance to tidal creek is simply
because it is geographically coincidental to a salt pan boundary.
Microbial mat presence was not correlated with shoreline development and salt pan area. We found this
surprising because, given a buffer effect from the salt pan boundary, we would expect the geometric
properties affecting the density of salt pan boundaries across a landscape to be a factor in microbial mat
presence. We specifically would expect shoreline development index to be negatively correlated and we
would expect salt pan area to be positively correlated with microbial mat presence. The lack of a
correlation might be due to the small number of replicates at the salt pan scale (n = 12). It is also possible
that the variability of salt pan sizes and boundary sinuosity was not large enough to have a significant
effect on the likelihood of microbial mat presence between pans.
An interesting consideration about the distribution of microbial mats is the potential mismatch between
the scale of heterogeneity of potential limiting factors and the scale of heterogeneity of microbial mats
themselves. For example, PAR must be above some limiting threshold to sustain photoautotrophic mats,
but in an unvegetated salt pan there is no shade (away from the boundary) so the temporal integration of
PAR should be homogenous across a salt pan. We found that microbial mats had spatial heterogeneity at
the 1-10 cm scale (visual estimate only, figure 2), which does not comport with being limited by PAR. It
is plausible that the spatial pattern of microbial mats within a 1m quadrat are driven by a different
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mechanism than the distributional patterns of microbial mats at a landscape scale. For example,
instrastratal shrinking causing synaeretic cracks is a known mechanism to create heterogeneity at lower
than 1m scales [94].
Microbial cosmopolitanism is the idea that free living microbes have high rates of dispersal due to large
population sizes and rapid generation times, which predicts that differences in local distribution and
community composition must be driven by local environmental conditions [26]. Dispersal is therefore not
likely to be a mechanism that drives a heterogeneous distribution pattern of microbial mats within the
intertidal landscape in particular because those landscapes have periodic contact with a large reservoir of
plankton and marine microbes. Since the community composition of microbial mats is variable [3, 53,
95], the tolerance of mats to any given abiotic stressor may be wider than the tolerance of a given
constituent microbe of that microbial mat [96]. This means that mats can be pervasive in conditions that
any given constituent member cannot tolerate. The distribution of microbial mats within salt pans may be
driven by several environmental factors [31], including variables that we did not measure during this
experiment.

Microbial Mat Biogeochemistry
Microbial mats have a broad diversity of potential forms of their exported C and N [8, 9, 59, 60, 97, 98].
Since some of the forms of C output of microbial mats are recalcitrant over long periods of time and some
are readily bioavailable, the particulars of any given microbial mat system are important to examine so that
we may better understand the biogeochemistry of their landscape. The microbial mats of subtropical
intertidal wetlands are important to study for a multitude of reasons, including generating accurate models
of ecosystem services, nutrient loading of coastal waters and greenhouse gas emissions. The C and N
cycling dynamics is variable between wetland types [43, 55-58], and unvegetated salt pans are a wetland
type that is comparatively poorly studied. We found significant differences in the amount and character of
C and N in soils under microbial mats, as well as significant temperature and pH differences. We did not
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observe significant differences in soil moisture or soil salinity between matted and unmatted soils.
The C output of microbial mats potentially varies in recalcitrance from gas CO2 to the permanent CaCO3
minerals of lithogenesis [97]. The extracellular lattice of microbial mats is potentially biogeochemically
important for two reasons; first, because it is a recalcitrant organic exudate, and second, because under high
pH conditions the extracellular lattice of a microbial mat serves as nucleation sites for CaCO3 precipitation
[70, 97, 99-101]. Anaerobic respiration using sulfate as a terminal electron acceptor is a common metabolic
pathway in many microbial mats [102]. As a result of that metabolic process, the reduction of sulfate
increases pH of underlying soils through the release of hydrogen and formate [70, 103]. On the other hand,
oxygenic photosynthesis within microbial mats results in a decrease in pH through the subsequent
exudations of organic acids [104, 105]. The balance of CaCO3 dissolution or precipitation in the
extracellular lattice under microbial mats relies on the pH of soil and the calcium ion availability [51, 70,
106]. If microbial mats adequately increase pH to surpass the threshold of conditions of CaCO3 precipitation
to aragonite or dolomite, the C deposited from microbial mats will be highly recalcitrant [107, 108]. If the
pH of soils under microbial mats is depressed, mineral C will remain dissolved and remain in the C cycle.
The net effect of microbial mats on the pH of underlying soils, and therefor of the recalcitrance of the C
sequestered or exported, will largely be driven by the predominance of one microbial pathway over another
[51, 61, 104, 105, 109, 110]. We found no evidence of increased SIC under microbial mats when compared
to unmatted soils (figure 4.b). The lack of evident CaCO3 precipitation in our microbial mats is potentially
suggestive of the absence or inactivity of some groups of microbes that promote the conditions necessary
for CaCO3 precipitation [51, 99, 101]. The lack of CaCO3 precipitation might also be caused by the decrease
of soil pH by the deposition of organic acids from photosynthetic members of the microbial mats [111,
112]. If the soil pH is being reduced by the excretion of organic acids, calcification cannot occur and mineral
CO2 will remain soluble and be exported through lateral flow or off-gassed to the atmosphere. The microbial
mats we observed had lower pH than lithifying but otherwise similar microbial mats [99, 100]. While we
originally hypothesized that these microbial mats would be alkalizing due to internal sulfur cycling [70],
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we found a suite of soil C characteristics that were analogous to terrestrial biomes where production is
dominated by plants [113]. Thus the higher concentration of SOM under matted soils, lower pH under
matted soils, and the lack of CaCO3 precipitation suggests that a principal function of the microbial mats
is the deposition of organic matter [113]. This suite of soil C characteristics suggests that these microbial
mats functioned predominantly as acidifying photoautotrophs. While the soils under microbial mats had
higher SOM concentrations (figure 10.a), the percentage of SOM in matted soils that was readily
mineralizable was significantly lower than in corresponding unmatted soils.
This difference indicates that the SOM under matted soils is a lower quality substrate for microbial
metabolism. This difference in organic matter quality is either because the microbial mats predominately
create organic molecules that are lower quality or because the mats create both high and low quality SOM
and the labile fraction of the SOM is readily consumed by heterotrophs within the mat leaving a residue
of poorly mineralizable SOM. Previous research supports both explanations with findings that microbial
mats have variability in the amount of heterotrophy of extracellular structures and underlying organic
substrates [18, 112, 114-116] and findings that microbial mats can excrete C forms that are highly
recalcitrant [1, 115].
The high variability in N cycling among microbial mats [1] and among wetland types [58] led to uncertainty
in our initial predictions of mineral N concentrations in the differentially matted soils of unvegetated salt
pans. The soils without microbial mats have virtually zero nitrate, whereas the soils underneath microbial
mats have significant, albeit still low, concentrations of nitrate (figure 11). Since microbial mats may
contain nitrifying members [98, 106] we find the mechanism of nitrification a plausible mechanism to
explain the increase in nitrate concentration. The potential effect of a microbial mat as a physical modulator
of the nitrate advection rates could also act to increase the nitrate concentrations of soils under microbial
mats, however, our data is unable to distinguish how large of a component of the increase in soil nitrate is
attributable to either mechanism. Potential nitrification was negative in soils under microbial mats and near
zero in unmatted soils. The near zero nitrate uptake rates of unmatted soils is unsurprising given there was
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virtually zero soil nitrate concentration, but no significant positive nitrification indicates absence or
inactivity of ammonia oxidizing bacteria.
The abiotic differences between matted and unmatted soils are significant and remarkable. There is clear
and substantive temperature effect (3.14°C increase), which we attribute to albedo [67]. Such a dramatic
increase in temperature could have ramifications in enzyme dynamics, abiotic chemistry energetics, and
evaporation rates. We speculate that such a large temperature effect might be of particular importance in
the sites we sampled because of the mean minimum air temperature from 2008-2017 is -2°C [117] which
means microbial mats might be a factor in whether or not soil is exposed to freezing temperatures.
Also notable was that we did not find evidence of differences in soil moisture content. Water use by the
microbial mats themselves and increased temperature from the albedo of the mats should reduce the soil
water, but the mats might also function as membrane and be an effective barrier to evaporation, which
would increase soil water. Our results show no difference between matted and unmatted soils, which is
evidence that the mechanisms increasing soil moisture are balanced with the mechanisms decreasing soil
water.
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CHAPTER FIVE:
CONCLUSIONS
The intent of this study was to characterize the impacts of microbial mats on their underlying soils
by examining the biogeochemistry of the unvegetated salt pans in intertidal wetlands. We found that
microbial mat distribution within salt pans is correlated with geomorphic variables, nearby vegetation
types and with the presence of other microbial mat. Microbial mats have been shown to have important
biogeochemical and physical effects on their environment [18, 25]. We found microbial mats in coastal
salt pans to play an important role in the biogeochemistry of their containing landscapes. While we do not
have direct evidence detailing the internal cycling of C and N within these microbial mats, our
results give preliminary indications about the net effects microbial mats have on the C and N cycles of
their containing landscapes. The microbial mats we studied are net C fixers that deposit low quality
organic C into their underlying soils. Microbial mats are likely not N limited, although they may not have
the same capacity for nutrient uptake as other coastal wetland types [45, 118-120]. Microbial mats also
have important physical effects on their landscape including substantive alterations to microclimate
and potential modulation to deposition and advection rates.
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